The SFI++ consists of ∼5000 spiral galaxies which have measurements suitable for the application of the I-band Tully-Fisher (TF) relation. This sample builds on the SCI and SFI samples published in the 1990s but includes significant amounts of new data as well as improved methods for parameter determination. We derive a new I-band TF relation from a subset of this sample which consists of 807 galaxies in the fields of 31 nearby clusters and groups. This sample constitutes the largest ever available for the calibration of the TF template and extends the range of line-widths over which the template is reliably measured. Careful accounting is made of observational and sample biases such as incompleteness, finite cluster size, galaxy morphology and environment. We find evidence for a type-dependent TF slope which is shallower for early type than for late type spirals. The line-of-sight cluster peculiar velocity dispersion is measured for the sample of 31 clusters. This value is directly related to the spectrum of initial density fluctuations and thus provides an independent verification of the best fit WMAP cosmology and an estimate of Ω 0.6 σ 8 = 0.52 ± 0.06. We also provide an independent measure of the TF zeropoint using 17 galaxies in the SFI++ sample for which Cepheid distances are available. In combination with the "basket of clusters" template relation these calibrator galaxies provide a measure of H 0 = 74 ± 2 (random) ±6 (systematic) km s −1 Mpc −1 .
INTRODUCTION
The Tully-Fisher relation (Tully & Fisher 1977 ) is an empirical relationship between the rotational velocity and absolute magnitude (or luminosity) of spiral galaxies. The application of this relation to measure distances to spiral galaxies has had an enormous impact on extragalactic astronomy and cosmology since its discovery. The Tully-Fisher (TF) relation for spirals (along with the D n − σ relation for ellipticals) dramatically increased the volume in which redshift-independent distances could be measured. The TF relation and its scatter can also be used to constrain models of disk galaxy formation, and by studying the relations variation with environment, galaxy type and its evolution over the age of the universe many clues into how the disks of galaxies are assembled have been found. A reliable template relation is an essential starting point to all this, without which no trust can be placed in other conclusions. Like all empirically determined scaling relations, the selection effects and make-up of a TF sample can introduce non-trivial biases into the derived template which if not taken care of could introduce spurious results. With improved statistics and parameter measurement both in galaxy surveys and simulations the need for an accurate, unbiased template grows even stronger.
The TF relation has historically played an important role in cosmological parameter determination, in particular by allowing measurements of H 0 to be extended out of the very local universe. In fact a review of TF measurements of H 0 over time shows that the technique has done surprisingly well. The value of H 0 from TF studies played a significant role in the debate between high and low values of H 0 , with cluster peculiar velocities, the Malmquist bias and even dust extinction intervening to provide a range of measures of H 0 from TF. The Hubble Key Project was initiated to resolve this debate and found H 0 = 71 ± 2 ± 7 km s −1 Mpc −1 from a combination of various TF surveys and Cepheid data (Sakai et al. 2000) . Similarly Giovanelli et al. (1997a) found H 0 = 69 ± 5 km s −1 Mpc −1 from a combination of the I-band TF relations in 24 clusters and a small set of Cepheid calibrators; and Tully & Pierce (2000) found H 0 = 77 ± 8 km s −1 Mpc −1 from their sample of 5 clusters. In Section 7 below we derive H 0 = 74±2±6 km s −1
Mpc
−1 from the sample discussed in this paper. Even in todays era of "precision cosmology" the TF constraints on H 0 have similar random error to the best available measurements combining WMAP and large scale structure data (e.g. H 0 = 74 ± 2 km s −1 Mpc −1 from a combination of WMAP and 2dFRGS; Sánchez et al. 2006) , and better than WMAP alone which measures H 0 = 73 ± 3 km s −1 Mpc −1 (with the assumption that the universe is flat; Spergel et al. 2006) . Tully & Fisher (1977) first calibrated the TF relationship in the B band using a sample consisting of 10 galaxies with D < 8 Mpc and eight galaxies in the Virgo cluster. They measured M − 5 log h = −19.13 − 6.25(log W − 2.5), where M is the absolute magnitude, W = 2v max is the width of the Doppler broadened spectral line and h = H 0 /100 km s −1 Mpc −1 . This is equivalent to L ∝ v 2.5 max . In the B band, extinction (both internal to the galaxies and from our Galaxy) plays an important role in adding to the scatter of the TF relation. Aaronson et al. (1979) argued that the relationship in the NIR would have a smaller scatter. They observed that the slope steepened in the H band, more nearly approximating the expected L ∝ v 4 max from simple physical arguments. Much of the most successful early work using TF used the Aaronson et al. (1980) calibration based on the distance to M31 and M33, and the assumption that L ∝ v 4 max . The uncertainty in these (and other) early TF templates from small samples of nearby calibrator galaxies was obviously dominated by small number statistics and since the samples did not cover a wide dynamic range of galaxy masses they also provided little leverage on the measurement of the TF slope. Several immediate attempts were made to extend the calibration, both by looking at cluster samples (where all galaxies could be assumed to be at roughly the same distance) and obtaining more local calibrators. In the late 1980s it was argued that the I-band TF relation could improve the scatter in the relation further (Bothun & Mould 1987) . This band, intermediate between B and H, retained most of the advantages gained by moving into the NIR but had the additional advantage of allowing CCD photometry.
It should be obvious that using a strictly magnitudelimited sample to calibrate the TF relation will result in an underestimate of the slope, as at the low-width end only galaxies scattered above the line will be included. An early solution to this potentially strong bias was the adoption of so-called inverse fits in which the magnitude was treated as the independent variable. Such a fit would not suffer from incompleteness bias in the simple case where selection depended only on absolute magnitude. Unfortunately, realistic samples do not have such simple selection criteria, and in particular internal extinction corrections, which have been shown to depend on galaxy luminosity, and therefore implicitly on the rotation width (Giovanelli et al. 1994; Masters, Giovanelli & Haynes 2003 ) make bias corrections more complicated. Arguments also exist in the literature that cluster samples constitute complete or volume-limited samples and therefore the TF relation derived from such a sample will not suffer from incompleteness bias. As first discussed in Sandage et al. (1995) this is not the case. An explicit or implicit magnitude limit in a cluster sample will have a the same impact on the measured TF relation as a sample with a full spread of distances.
A biased TF template slope can introduce several subtle, qualitative biases into many of the conclusions which might be drawn from its application. For example Malmquist bias-like effects mean that the more distant objects in any given sample are more likely to be at the large-width end of the relation while the most nearby objects are more likely to be at the low-width end of the sample. If the template is biased shallow, this means that distant objects will preferentially have spurious negative magnitude offsets (i.e. they appear to be artificially brighter than the biased template), while nearby objects will preferentially have spurious positive offsets. If these offsets were interpreted as being due to the peculiar velocities of the galaxies, this would produce a spurious infall region in the local universe and excess expansion in the more distant parts of the sample. Determinations of the morphological dependence of the TF relation can be impacted by bias on the slope too. Early type spirals (Sas) are preferentially brighter and have larger rotation widths than later type spirals. A TF template biased shallow might then lead to the conclusion that the zeropoint for earlier type spirals was brighter than that for late type spirals. In a high redshift sample which will only have galaxies at the large width end of the local relation, comparison with such a biased local relation could easily lead to a spurious determination that the zeropoint of the TF relation brightens with redshift.
In fact most high redshift studies of the TF relation use the relatively small samples of Pierce & Tully (1992) or Mathewson, Ford & Buchhorn (1992) as a z = 0 comparison. The Pierce & Tully (1992) B, R and I-band calibration is based on the TF relation of only 6 local spirals for which Cepheid distances were available, in combination with a small sample (∼ 30 galaxies) from the Ursa Major cluster. Mathewson, Ford & Buchhorn (1992) use a sample of only 14 galaxies in the Fornax cluster to provide an I-band calibration. No attempt is made to account for sample selection biases in either sample. As discussed in Metevier et al. (2006) , larger and better calibrated local samples already exist. The Tully & Pierce (2000) calibration uses a significantly larger sample (155 galaxies in 5 clusters at I-band; 91 galaxies at B and R and 65 at B-band), however the work still makes no attempt to account for selection biases relying on the erroneous idea that cluster samples are complete. Kannappan, Fabricant & Franx (2002) use a sample of 196 nearby field galaxies but just fit the inverse U, B and R-band relations in an attempt to account for bias, and make no attempt to account for the effect of peculiar velocities which also have the potential to bias the template slope. No fully bias corrected local template exists in optical wavelengths.
The first comprehensive discussion of the effect of incompleteness bias on the TF template relation came from Willick (1994) . Here it was explicitly demonstrated that the inverse TF relation is not bias free. A method was introduced which used Monte Carlo simulations to calculate the bias based on the assumption of a global linear TF relation, a fixed scatter and a single magnitude limit. Giovanelli et al. (1997b; hereafter G79b) extended this technique to account for a TF scatter which varied with line width, and to provide realistic accounting of sample selection criteria. They used this to calibrate I-band TF relation with a sample of 555 spiral galaxies in the fields of 24 clusters. They found M − 5 log h = −21.01 − 7.68(log W − 2.5), or L ∝ v 3.1 . They observed that the scatter in the Tully-Fisher relation varies with the rotational velocity of the galaxy, from about 0.4 mag at the low width end, to less than 0.3 mag at the high width end, resulting in distance errors for individual galaxies of 15-20%.
Much of this paper is devoted to the derivation of a new template TF relation in the I-band. We follow a method similar to that used in G97b and use a sample of galaxies which builds on that cluster sample, but has a significant amount of new data (including the addition of several new clusters) making a total sample of 807 galaxies in the fields of 31 clusters. This sample constitutes the largest ever available for the calibration of the TF relation, and extends the range of the calibration between v max = 50-360 km s −1 (log W = 2.0-2.9). In combination with the much larger field sample (Springob et al. 2007 ) this work will finally allow for studies of the extent, non-linearity and morphological dependence of the TF relation at high statistical significance.
This new I-band template is warranted both because of the addition of significant amounts of new data to the sample and because of changes in corrections to the raw data. In particular, new corrections for rotation velocities derived from observations of both the 21cm and Hα lines of neutral hydrogen (HI and Hα) are expected to have an impact on the derived template. New simulations have been performed to study the instrumental effects on measuring HI widths (Springob et al. 2005) , and much greater care has been taken in combining HI and Hα rotation measures (Catinella, Haynes & Giovanelli 2006) . The addition of significant amount of new data also alters the completeness and morphological distribution of the sample, which must be taken into account in rederiving the template.
In Section 2 we discuss the observables needed for TF. Section 3 covers the sample selection and bias corrections. In Section 4 we discuss individual cluster TF and the impact of environment. Section 5 combines the individual cluster templates into a global template. In the process we measure the peculiar velocity of each cluster, from which a cluster peculiar velocity dispersion is calculated. This quantity depends relatively simply on the power spectrum of initial density fluctuations and is used to estimate Ω 0.6 σ 8 = 0.52±0.06. In Section 6 we describe the characteristics of the scatter of the TF template. Section 7 discuss an alternate zero-point calibration which uses Cepheid distances to 17 galaxies in the SFI++. In combination with the "basket of clusters" zeropoint this gives a measure of H 0 = 74 ± 2 ± 6 km s −1 Mpc −1 . The final section of the paper provides a summary of the conclusions. In future work including Masters et al. (2007, in prep.) and Springob et al. (2007; also see Masters 2005; Springob 2006) this new template will be applied to a larger sample of spiral galaxies in the field, from which the peculiar velocity field, and therefore the mass distribution, of the local universe will be studied.
TULLY-FISHER OBSERVABLES
The sample discussed here will be referred to as the SFI++. This sample builds on the all-sky SFI (Spiral Field I band) and SCI (Spiral Cluster I band) samples discussed in a series of papers in the 1990s (Giovanelli et al. 1994 (Giovanelli et al. , 1995 (Giovanelli et al. , 1997a Haynes et al. 1999a,b) , but also includes data from the SC2 sample (Dale 1998; Dale et al. 1999) , the theses of Vogt (1995) and Catinella (2005) and the HI archive presented in Springob et al. (2005) . The entire SFI++ sample will be presented in Springob et al. (2007) . Subsets of this data have also been presented in the theses of Masters (2005) , Spekkens (2005) and Springob (2006) . The bulk of the southern hemisphere data is presented in Mathewson, Ford & Buchhorn (1992) . The full SFI++ contains ∼5000 spiral galaxies with observations suitable for deriving TF distances. In this paper we consider a subset of that data consisting of galaxies in the vicinity of 31 nearby clusters. This we will refer to as the "template sample" of the SFI++. Most clusters in this sample were specifically targeted for I-band observations either as part of Giovanelli et al. (1997a) , Dale et al. (1999) or Vogt et al. (2004) . Fields were chosen to include at least one spiral galaxy for which dynamical information (either a HI width or optical rotation curve) was available at the time of observation, and the centers of the fields were adjusted to include as many other good TF candidates (inclined, undisturbed spirals) as possible which might later be targeted for spectroscopy. The sample is therefore in no sense magnitude or angular diameter limited, but unlike SFI/SCI does include all types of spirals.
Optical Imaging Data
All optical data discussed here is I-band imaging data taken by members of the Cornell Extragalactic group and their collaborators at various telescopes. Data for the SFI sample of galaxies is presented in Haynes et al. (1999b) . This was a combination of images in the Northern hemisphere taken for various projects, and the similar Mathewson, Ford & Buchhorn (1992) survey in the Southern sky from which data were carefully recalibrated to make a homogeneous sample. For the SFI++ sample discussed here new data were taken in about 1900 fields north of δ = −2
• using the 0.9m KPNO telescope. The fields covered various clusters and TF candidate galaxies and were positioned in an attempt to optimize the number of TF candidate galaxies observed. These imaging data were intended to be complete to a diameter limit of about 0.5 arcmin in I band, and more than double the number of TF candidate galaxies for which I-band imaging data is available.
The I-band images were reduced as described in Haynes et al. (1999b) to provide the observed total apparent magnitude and axial ratio of the galaxy. The observed axial ratio, a/b of the galaxy comes from isophote fitting and is corrected for seeing as in G97b. All magnitudes are corrected Galactic extinction using the DIRBE dust maps (Schlegel et al. 1998) , including those magnitudes from the SFI and MFB imaging data which in previous publications used the Burstein & Heiles (1978) correction. Extinction due to dust internal to the galaxy itself is accounted for using the extinction correction derived in Giovanelli et al. (1994) . A small typedependent k-correction as discussed in Han (1992) is also applied.
Rotation Widths
Rotation widths for the SFI++ sample come from a mixture of 21cm line (HI) global profiles and optical rotation curves (ORCs). Where they are available and of good quality, HI global profile widths are used in preference to ORCs. The HI extent of a normal galaxy is typically about twice its optical size, so HI global profiles are capable of tracing the rotation of galaxies to larger radii, and also have the advantage of being independent of the assumed position angle of the galaxy. Approximately 60% of the galaxies in the SFI++ have their rotational velocities measured using HI, the other 40% use ORCs. Just less than 20% have measurements available from both methods. A comparison of widths from the different methods is presented in Catinella et al. (2007) .
HI Spectroscopy
The 21cm HI spectroscopy data for the SFI++ is a combination of data published in Haynes et al. (1999a) and Springob et al. (2005) , reprocessed by Springob et al. (2005) . For the purposes of the TF relation we are interested only in the systematic velocities and velocity widths, as discussed in Section 3.2 of Springob et al. (2005) . Raw widths are measured using an algorithm that fits low order polynomials to either side of the HI profile and then calculates the width at 50% of f p − rms (the peak flux minus the rms) on either side of the HI profile. These raw widths then have to be corrected for various instrumental effects, ∆ s , the impact of turbulent motions ∆ t , the disk inclination, and also relativistic effects from the observed redshift which broaden the observed profile by a factor (1 + z). Where the HI widths used here differ from those in Haynes et al. (1999a) and earlier work of this group, is in the magnitude and trend with S/N of the instrumental corrections, ∆ s . Springob et al. (2005) present the results of simulations to study the impact of spectrometer resolutions, smoothing and S/N on the measured widths, and their prescribed corrections have been applied to all the HI widths used here (including the reprocessing of older widths by CS). This width correction ∆ s is always a small positive number, which in Springob et al. (2005) increases linearly with log(S/N ) between S/N = 4-12.5. The previous correction for instrumental broadening decreased as the S/N ratio increased. For galaxies in a single cluster sample where S/N roughly correlates with rotation width this new correction should then tend to shallow the TF slope slightly relative to that found with the old correction in G97b. The correction for turbulent motions is also done in a slightly different way from previous work. Springob et al. (2005) discuss the merits of simple linear subtraction as opposed to a subtraction in quadrature. ∆ t = 6.5 km s −1 is assumed.
Optical Spectroscopy
Optical rotation curves are used to fill in areas of the sky or galaxies not accessible to 21cm HI observations. For example about half of the rotation widths in the southern hemisphere are from Hα/[NII] RCs taken at the 2.3m telescope at the Siding Springs Observatory. There are also a significant number of ORCs taken using the long slit spectrograph on the Hale 5m telescope at the Palomar Observatory (see e.g. Catinella, Haynes & Giovanelli 2005) . As discussed in Catinella (2005) and Catinella et al. (2005) there are several algorithms which can be used to measure rotational velocities from ORCs. All of the widths used in the SFI++ have been derived by fitting a function to the folded ORC. The function used, the "polyex" model (Giovanelli & Haynes 2002; Catinella 2005; Catinella et al. 2005) has the form
where V 0 gives the amplitude of the ORC, r PE gives the exponential scale of the inner rise of the ORC, and α gives the slope of the outer part of the ORC. This function has no physical meaning, but provides a useful empirical fit to a wide variety of ORC shapes. Widths are derived from this fit by taking its value at the location of the optical radius, r opt which is the radius enclosing 83% of the optical light (here derived from I-band imaging). This raw width is then corrected for inclination and cosmological broadening in the same way as the HI widths.
As shown in Catinella et al. (2007) there are systematic trends of the difference between widths measured from ORCs and HI widths. HI widths are systematically larger than ORC widths presumably because HI disks are on average twice as large as Hα disks and ORCs in general are flat or still rising beyond the optical radius (Catinella et al. 2006) . Catinella et al. (2007) also show that there is a slight systematic trend of this difference with the extent of the ORC, in the sense that galaxies with a larger Hα extent have larger width differences. This is probably because these galaxies have larger HI extents to match their Hα extents, so the HI width traces further out into the halo, while we continue to measure the ORC width at the optical radius. The difference between the two measures of the rotation width also depends strongly on the slope of the rotation curve at the optical radius. Catinella et al. (2007) 
where r max is the maximum extent of the ORC (i.e. the Hα extent of the galaxy) and the definition of a flat ORC is one in which the gradient of the rotation curve at the optical radius (r opt ) is less than 0.5 km s −1 /arcsec; rising ORCs have gradients greater than this. For flat ORCs the correction increases the width by a fixed amount of ∼7%, almost independent of r max /r opt . Rising ORCs have corrections ranging from increases of ∼15% for galaxies with large Hα extents, to decreases of ∼7% for a small number of galaxies with very small Hα extent. Once this correction is applied there are no systematic trends in the difference between HI and ORC widths, and the widths match within a mean scatter of ∼ 5%.
In the template sample there is a small trend of increasing Hα extent with rotation velocity such that there are no small width galaxies with large Hα extent, although large width galaxies span a range of Hα extent. The ORC width correction therefore makes the TF slope for galaxies with ORC widths slightly shallower than the uncorrected version. It also slightly increases the zeropoint. The correction may also have an impact on the cluster peculiar velocities as derived in Section 6. Since the sky distribution of ORC widths vs. HI widths is quite uneven, some of the template clusters have virtually all galaxies with widths from HI measurements, while others are dominated by galaxies with ORC widths. A systematic difference in the template zeropoint for HI and ORC widths could therefore be absorbed in the cluster offsets (or peculiar velocities) calculated in Section 6 when the individual cluster samples are combined. We find no trends in the calculated offsets with the fraction of galaxies in a cluster which have ORC widths after the correction is applied, providing reassurance that we are correcting for this effect properly. Figure 1 shows the TF relation for galaxies in the template sample separated into galaxies with HI widths, and galaxies with widths from their ORC. The data have been Fig. 1 .-TF diagrams for galaxies in the in+ sample. Panel (a) shows galaxies with widths derived from HI global profiles; Panel (b) shows galaxies with widths derived from optical rotation curves, the widths here have been corrected using Equation 2. The solid line in both panels shows the bivariate fit to the total sample (see Section 5), while the dashed lines show the bivariate fits to the sample separated by the source of the widths. The parameters of the fits are given in Table 4 . After the correction is applied to difference between the relations for the two subsamples is not significant.
corrected for all biases discussed in Section 3, and galaxies in each cluster sample have been shifted by the appropriate amount to account for the cluster peculiar velocity. As is also shown in Table 4 there is only a small difference in the TF fit to the two subsamples once the ORC widths have been corrected using Equation 2. The difference is ∆M = −0.09 ± 0.03 + (0.25 ± 0.24)(log W − 2.5). The zeropoints differ by ∼ 3σ, however we consider that this is not important due to the uneven sky distribution of the clusters.
SAMPLE SELECTION AND BIAS CORRECTIONS

Sample Selection
Clusters are chosen to be included in the TF template if they have more than ∼7 galaxies from the SFI++ data set in them. The Virgo cluster is not included in the sample due to the complicated nature of assigning galaxies to its various subgroups. Clusters too close to the Galactic plane are also not used, because of the uncertainty in Galactic extinction corrections. The final sample includes 22 of the 24 clusters used by G97b to derive the template for the SFI, and an additional 9 clusters for which we now have sufficient numbers of galaxies with data to include. The two missing G97b clusters are A2197 and A2666. Galaxies in Abell 2197 are absorbed into the periphery its partner cluster A2199 instead of being treated separately. A2666 is a small cluster, close in position but at slightly lower redshift than the template cluster A2634; we choose not to include 9 galaxies associated with A2666 because of the difficulty of disentangling them from the A2634 foreground or peripheral members. The assignment of galaxies to all clusters is discussed in Springob et al. (2007) . We define two subsamples; 486 of the galaxies are considered bona fide cluster members, and are therefore assigned to the "in" sample. An additional 321 galaxies are considered peripheral cluster members and are added in what we call the "in+" sample. In deriving absolute magnitudes, we use the cluster redshifts for galaxies in the in sample but the galaxy's own redshifts for those in the in+. Galaxies in the in+ sample generally have recessional velocities very similar to that of the cluster so the choice between using the cluster or galaxy redshift makes little difference. An exception to this rule is the Cancer cluster in+ sample. Cancer is a complicated cluster with several distinct subgroups. Following G97b we consider only galaxies in the A clump of Cancer to be members of the in sample. Galaxies in the B, C, and D clumps are included in the in+ sample, and individual galaxy magnitudes are calculated using the recessional velocity of the relevant clump. Figure 2 shows the distribution of clusters used in the template in the supergalactic plane. The positions of the clusters are shown in redshift space (CMB frame) with no correction for peculiar velocity. Clusters are shown as open stars if they lie above the plane (i.e. at +SGZ) and filled hexagons if they lie below it. Clusters used to define the "reference frame" in Section 5 are circled.
Incompleteness Bias
As discussed in detail in G97b, the fact that all the galaxies in a cluster are at roughly the same distance, does not mean that a cluster sample is volume limited. Any implicit or explicit apparent magnitude limit in the sample means that in a given cluster we preferentially observe the brighter galaxies. Since the TF relation has an intrinsic scatter, this effect will tend to shallow the observed slope, by preferentially selecting galaxies which have brighter than expected magnitudes at the small width end of the relation. Similarly, it also brightens the zero point and decreases the observed scatter. In our treatment of this bias we follow G97b, and the reader is referred there for further explanation of the construction of completeness histograms for each of cluster samples and the Monte Carlo simulations used to derived the incompleteness bias from them. The completeness his-tograms for each cluster are shown in Figure 3 is fit to these histograms; the parameters of these fits are shown in Table 1 and it is these functions which are used as inputs for the bias calculations. The final incompleteness bias corrections for the galaxies in each cluster are shown in Figure 4 . The incompleteness correction derived here relies on a priori knowledge of the intrinsic TF relation and scatter, and as such proceeds in an iterative manner. The magnitude of the assumed scatter has by far the biggest impact (when the scatter is larger the bias corrections are larger and vice versa), so the derived corrections change very little once the intrinsic scatter has been determined. The impact that the various assumptions have on the derived corrections is illustrated in Figures 7, 8 and 9 of G97b. As well as requiring an input TF relation, the derivation of this bias correction must assume knowledge of the spiral luminosity function (LF). As shown in Binggeli, Sandage & Tammann (1988) , the spiral LF has an almost Gaussian shape. Following G97b we use a Schechter function with a steep faint end slope, α = −0.5, and M ⋆ = −21.6. This assumption impacts the derived bias corrections because it determines the level of incompleteness in the sample. If the LF slope is in actual fact shallower than this the bias will be underestimated (and vice versa).
We perform several iterations of the bias correction, until the final TF relation differs by less than 1σ from the input values. The final input TF relation is M −5 log h = −20.85 − 7.81(log W − 2.5) with intrinsic scatter of ǫ = 0.36 − 0.34(log W − 2.5). The final result is M − 5 log h = −20.85−7.85(log W −2.5) and ǫ = 0.35−0.37(log W −2.5) as discussed in Sections 5 and 6.
Cluster size bias
In deriving the template we are explicitly assuming that all galaxies in a given cluster are at the same distance. This assumption varies in its accuracy based on the actual line of sight depth of the cluster relative to its distance The finite size of the cluster introduces two separate biases into the derived TF relation:
1. The mean distance to a cluster. Fitting a TF relation under the assumption that all galaxies in a cluster are at the same distance, is equivalent to fitting the mean of the log of the distance to the cluster (because we work with distance modulus rather than distance). The log of the average is not the same as the average of the log, so this assumption introduces a small bias into the zeropoint of
where σ d represents the line of sight depth of the cluster at a distance d. Table 1 lists the size of this bias for the clusters in our sample, using the assumption that they all have a line of sight extent of 1 Abell radius (R A , 1.5 Mpc/h or 150 km s −1 ). This is a reasonable approximation for most of the in sample. For the in+ sample, we use twice this extent, increasing the small bias by a factor of four.
2. Cluster size -sample incompleteness. If galaxies are close in magnitude to the completeness limit of the sample they will preferentially be seen only in the foreground parts of the cluster (i.e. the closest parts) and therefore their magnitudes will be biased towards brighter values. This bias is illustrated in Figure 14 of G97b, and is estimated assuming a Gaussian extent for the cluster, and using the completeness functions derived in Section 3.2. This bias is very small (less than 0.1 mag) for most galaxies in our sample.
Edge of Catalog Bias and Homogeneous Malmquist
Bias Following G97b we make no correction for either the edge of catalog bias or the Malmquist bias, which they find to be negligible in the SCI sample on which this sample is based. Figure 5 shows TF diagrams of galaxies in the in+ sample separated into three groups by their morphological type. These data have been corrected for all biases discussed above and galaxies in each cluster sample have been shifted by an amount ∆M to account for the cluster's peculiar velocity as discussed in Section 5. We find that earlier types have a shallower TF slope than later types as also noted in G97b. The relation for Sa galaxies is shallower than that for Sc galaxies by an amount 2.35 ± 0.43 mag/dex, while the relation for Sb galaxies is shallower than for Scs by an amount 0.80±0.22 mag/dex. (see Table 4 for the full fit parameters). We need to be careful in interpreting these results, because the completeness of galaxies of the different types is different in such a way that the incompleteness bias may be larger for the earlier type galaxies (as is obvious in Figure 5 ). If true, this would artificially shallow the slope of their relation, perhaps accounting for the observed difference. In fact in the SFI sample an effort was made to be more complete for later type galaxies (this constraint was relaxed for the additional galaxies added to the SFI++). Nature also conspires to make the completeness of later type spirals better in a TF sample since later type galaxies are more likely to be strong HI or Hα emitters making the measurement of rotation widths easier. However, the luminosity function of early type spirals is such that there are intrinsically fewer low luminosity objects (Binggeli, Sandage & Tammann 1988) which could also explain the lack of small width Sa galaxies in the sample without the need for greater incompleteness for earlier type spirals.
Morphological Dependence of the TF Relation
The observed difference in slope between morphological types (which is significant after a mean incompleteness bias has been subtracted) can therefore either be interpreted as a real physical difference between different types of spiral galaxies, or as an indication that the incompleteness bias is an underestimate for the earlier type spirals. Without a more extensive study of the luminosity functions for different spiral types there is no easy way to disentangle the two effects. The fact that the biggest difference is seen at the high width end of the relation where the bias corrections are smallest (see In either case the difference should be corrected for in the template. Given the small number of Sas in the sample (61) and the uncertainty in deriving the slope of the TF relation, we will correct for this effect for all 342 Sa/Sb spirals together (although for reference the relations are given for all 3 groups separately as well). We first correct for a plain additive offset, found by fitting all samples with the Sc slope. This correction is identical to that found by G97b (see below). After this correction we find the TF relation for the combined Sa/Sb sample (bivariate fit) to be M −5 log h = −20.85(2)−6.92(15)(log W −2.5), shallower than the Sc relation by an amount 0.95 ± 0.21 mag/dex. We therefore apply the following corrections to the magnitudes:
• S0/Sa/Sab: −0.32 − 0.9(log W − 2.5) mag
• Sb: −0.10 − 0.9(log W − 2.5) mag
• Sbc/Sc/Scd: no correction.
If the difference in slope for the different morphological types of spiral galaxies cannot be explained by differ- ing amounts of incompleteness then it is telling us something about the physical differences between early and late type spirals. It is already well known that early type spirals are dimmer than late types at a given rotational speed, what the dependence of the TF slope on morphological type shows is that this difference gets more pronounced the more massive the galaxies are. The slope of the TF relation is fairly well reproduced in numerical simulations of disk galaxy formation (Mo & Mao 2000; Navarro & Steinmetz 2000) . Mo & Mao (2000) suggest that the slope could be shallower than the fiducial L ∝ v 3 (observed here for Scs) if galaxies at the highwidth end of the relation have systematically less concentrated halos. Navarro & Steinmetz (2000) show that under the assumption of constant disk mass-to-light ratio, L ∝ v α rot implies that the fraction of mass in the disk,
α (where v ∆ is the circular velocity of the dark matter halo at the virial radius). The observed difference in TF slope for different morphological types indicates therefore that early type spirals must have a smaller f disk at a given rotational velocity, presumably because they have mass in a bulge component (we find L ∝ v 3.1 for Sbc/Sc/Sd, L ∝ v 2.8 for Sbs and L ∝ v 2.2 for Sab/Sa/S0s). Furthermore Navarro & Steinmetz (2000) shows that halo concentration must increase with f disk to reproduce the observed TF relation; the steeper the slope of the relation the more quickly the concentration increases with f disk . Putting this together it suggests that as well as being intrinsically dimmer earlier type spirals may have systematically less concentrated halos than later types at a given rotational velocity. -TF diagrams for galaxies in the in+ sample. (a) galaxies with types earlier than Sb; (b) galaxies of type Sb; (c) galaxies with types later than Sb. The solid line in all three panels shows the bivariate fit to the in+ sample, while the dashed lines show the bivariate fits to the sample separated by morphological type. The slopes vary from -5.52 for types earlier than Sb to −7.87 for types later than Sb. The parameters of the fits are given in Table 4 . Open symbols show the magnitudes corrected for all biases except morphological type, while the filled symbols show the magnitudes after the morphological type correction has been applied.
Summary of all Bias Corrections
Here we summarize for clarity all bias corrections which are applied to the data in advance of calculating the final TF relations and scatter. These are corrections applied after the magnitudes have been corrected for Galactic and internal extinction and the inclinations have been corrected for seeing (see Section 2.1), and after the HI widths have been corrected for instrumental broadening and all widths corrected for inclination and cosmological broadening (see Section 2.2).
ORC widths corrected to HI scale (Section 2.2). HI
widths are observed to be on average larger than ORC widths for the same galaxy. This correction is derived by Catinella et al. (2006) using 873 SFI++ galaxies which have both HI widths and ORCs.
Morphological correction (Section 3.5).
Earlier type spirals are observed to be on average dimmer than later type spirals at the same width. We also notice a significant shallowing of the TF slope for earlier type spirals. The slope correction applied is the same for all spirals earlier than Sc, while the fixed offset varies from -0.10 mag for Sb galaxies to -0.32 mag for spirals earlier than Sb.
Incompleteness bias correction (Section 3.2).
In any given cluster we preferentially observe galaxies which are scattered above the TF slope (because they are brighter). This has a tendency to shallow the TF slope, brighten the zero point and reduce the scatter. The correction we apply is derived from Monte Carlo simulations requiring an input TF relation, TF scatter, and assumptions about the spiral LF. The calculation is done several times until convergence is reached between the input and final TF.
Mean distances to cluster (Section 3.3.1).
This small fixed bias for all galaxies in a given cluster arises from the fact that the log of the average of the distance is not equal to the average of the log of the distance (which is what we implicitly fit for when using magnitudes). This bias is easy to calculate once a line of sight depth for each cluster has been estimated. (Section 3.3.2) . In a given cluster we preferentially observe dimmer galaxies only in the closest parts of the clustercreating a small bias in the observed magnitudes which is easily corrected for using the same assumed completeness as in Section 3.2 and assumptions about the size of the cluster.
Cluster size -incompleteness
Edge of catalog bias and Malmquist bias.
We argue that both of these biases are negligible in the sample and therefore make no correction for them.
Cluster peculiar velocity (Section 5).
To combine all the individual cluster samples into a global TF relation, a peculiar velocity must be estimated for each cluster. This is done by minimizing the scatter in the TF relation, and the absolute value of the zeropoint is set by assuming that the net motion of a subset of the most distant clusters is equal to zero.
INDIVIDUAL CLUSTER TF RELATIONS AND THE
IMPACT OF ENVIRONMENT
Here we fit the TF relation, first to each template cluster sample individually. We fit "direct", "inverse", "bivariate" forms of the linear TF relation. The difference between the three linear fits is in which variable is considered to be independent and the treatment of the errors. For more details of the fitting procedure see G97b.
The individual template cluster TF relations are shown in Figure 6 . Galaxies in the in and in+ samples of each cluster are plotted as solid and open circles respectively. The same line showing the bivariate fit to the combined sample is plotted over each of the cluster sub-plots. The parameters of the fits to individual clusters samples are given in Table 2 .
Effect of Environment on the TF relation
It is well known that environment has a strong impact on galaxy evolution. Gas rich galaxies which fall into clusters are thought to be stripped of their gas and dynamically disturbed (be it by ram pressure stripping, galaxy-galaxy interactions or the tidal effects of the cluster potential), therefore it is possible that the TF relation of galaxies in clusters may differ from that in the field. It should be noted here that in correcting for the observed morphological type dependence of the TF relation we may already have removed much of the impact of environment. The observed morphology-density relations shows that early type spirals (which we observe to have a shallower TF slope than late types) are more likely to be found in more over-dense regions.
We perform two simple tests to search for the effect of environment in our sample after correcting for morphological type. The first is to compare the slope, zeropoint and scatter of individual cluster samples as a function of global cluster properties. The X-ray selected cluster sample HIFLUGCS (Reiprich & Böhringer 2002) contains 12 of the 31 clusters in the template sample. For these clusters no significant trends are observed of the difference between the cluster and global slope or zeropoint with X-ray luminosity. There appears to be a slight tendency for clusters with higher L X to have smaller than average scatter in their TF relation, however this may be a result of a Malmquist bias like effect. The high L X clusters are preferentially at large distances and therefore have a relatively small number of galaxies with TF measurements. It is observed here the TF scatter decreases as the number of galaxies in a cluster sample decreases, indicating non-Gaussian behavior in the scatter. As a second test for environmental effects we plot the residuals from the global TF relation as a function of the galaxies' projected cluster distance (Figure 7) . Again no significant trends are observed. Both of these tests suggests that there is no reason to doubt that a global TF relation applies to all spirals galaxies, regardless of environment, once a correction for morphological type has been applied.
A GLOBAL TF TEMPLATE RELATION AND THE CLUSTER PECULIAR VELOCITY DISPERSION
Here we combine the data from all 31 clusters into a global TF template. This is done by shifting the points for each individual cluster by an amount
taking into account the motion of each cluster in the CMB frame (i.e. its peculiar velocity). These offsets are found by assuming that all points fall on a linear TF relation with a global slope, and minimizing χ 2 with respect the offsets. The global slope is assumed to be the bivariate fit to the combined sample and is found by iterating until the fit converges. Additionally an inertial reference frame is defined by requiring that the net motion of a subset of the most distant clusters (all those with cz > 4000 km s −1 , excluding the Pavo Group which has only a small number of galaxies) is zero, i.e.,
This sum is weighted by the number of galaxies in the cluster TF sample. The total number of galaxies in the reference clusters is 520 in the in+ sample, or 325 in in.
5.1. Cluster Peculiar Velocity Dispersion The motions of clusters probe the peculiar velocity field on a scale which is well within the linear regime where theory and observation can be linked relatively easily. The large number of galaxies in each cluster also allow the peculiar velocities of clusters to be calculated to relatively high accuracy. Cluster peculiar velocities therefore have great potential to provide constraints on cosmological parameters. Peculiar velocities for the template clusters calculated from combining their TF relations are shown in Table 3 . In that table, (as well as in Table 1 ) clusters used to define the rest frame are marked with a * next to their CMB velocity. Three sets of peculiar velocities are reported, for both the in and in+ samples. v pec (1) refers to offsets when no incompleteness bias corrections have been applied. v pec (2) refers to the offsets when the simple additive version of the morphological correction is applied (along with all other bias corrections) and v pec (3) refers to the offsets calculated when the width dependent morphological correction is applied. The error on these offsets is taken to be the scatter in the individual cluster TF relation divided by the square root of the number of galaxies in the cluster. As explained in Watkins (1997) , the 1D peculiar velocity dispersion of clusters depends relatively simply on cosmological parameters, a relationship coming from its dependence on the initial power spectrum of fluctuations.
In a flat universe (Ω M + Ω Λ = 1) the relation is given by
where σ 8 is as usual the rms fluctuation on scales of 8 Mpc/h, Ω is the mass density of the universe, and h = H 0 /100 km s −1 Mpc −1 . In Watkins (1997) Figure 8 shows our measured cluster peculiar velocity dispersion for the in+ and in samples (here the peculiar velocities are calculated from the mean TF offset after all bias corrections to the TF data have been applied). The peculiar velocities of the clusters are represented as Gaussians of equal area, with the width being set by the error on the measurement. An arbitrarilly scaled sum of all these Gaussians is shown as the heavy solid line. A Gaussian fitted with zero mean to the entire in+ sample gives σ = 365 ± 34 km s −1 , (or σ = 440 ± 40 km s −1 in the in sample). Here the errors are calculated using a Monte Carlo simulation in which 1000 realizations of the cluster peculiar velocities (drawn from the normal distribution shown individually for each cluster in Figure 8 ) is made. This measurement is biased larger than the intrinsic cluster peculiar velocity dispersion because of broadening due to the error on the individual cluster peculiar velocity measurements. A simplistic correction for this broadening, (subtracting the mean peculiar velocity error in quadrature) gives an intrinsic cosmic cluster velocity dispersion of σ = 287±34 km s −1 and 365±40 km s −1 for the in+ and in samples respectively. Correcting for error broadening slightly more carefully using another Monte Carlo simulation gives σ = 298 ± 34km s −1 for in+ and σ = 368 ± 40km s −1 for in. Our measurements of the cosmic cluster peculiar velocity dispersion are entirely consistent with those calculated by Giovanelli et al. (1998) using the SCI data (Bahcall & Oh 1996; Watkins 1997) , which all favor σ 1d ∼ 250 km s −1 once values have been corrected for error broadening.
This measurement of the cosmic cluster peculiar velocity dispersion is also consistent with the WMAP estimate, providing yet another independent verification of the best fit cosmological model. We can use the approximation √ f ∼ 10 in Equation 7 to calculate a value Ω 0.6 σ 8 = 0.52 ± 0.06 from this TF measurement of the cluster peculiar velocity dispersion alone (where the error here only represents the measurement error on the cluster peculiar velocity dispersion and does not account for any bias introduced by the assumption). Alternatively we can use WMAP information on Ωh 2 = 0.134 ± 0.006 (coming from the relative amplitude of the power spectrum peaks) along with our measurement of h = 0.74 ± 0.02 (see Section 8) from a combination of TF and Cepheid data to calculate (f ) = 11.34 ± 0.59, implying Ω 0.6 σ 8 = 0.46 ± 0.06. These cluster peculiar velocities also provide tantalizing hints about the local flow field. It is interesting to note that the two clusters, Hydra and A3574 at cz > 4000 km s −1 in the "Great Attractor" region both have slightly negative peculiar velocities (A3574 has zero peculiar velocity to within 1σ), while the clusters at cz < 3500 km s −1 in that direction have positive peculiar velocities. This is presumably the signature of infall onto the "Great Attractor" and could be interpreted as a detection of backside infall into that region. Infall onto the Pisces-Perseus supercluster is also hinted at. Abell 262 and NGC 383, both at D ∼ 65 Mpc/h 75 , have very marginal negative peculiar velocities in the CMB frame (N383 has v pec = 0km s −1 to well within 1σ) and are presumably falling into the supercluster from behind, while NGC 507 at D ∼ 60 Mpc/h 75 in the same direction has a positive peculiar velocity indicating front-side infall. Also of note, the pair of clusters A2806 and A2877 have opposite peculiar velocities implying very similar real space distance, and presumably showing their motion towards each other and indicating a future cluster merger. In the direction of the constellation Pavo, Pavo I (or the Pavo group) at D ∼50 Mpc appears to be in the foreground of Pavo II (or the Pavo cluster) at D ∼ 60 Mpc and moving towards it. The global template TF relation is shown in Figure 9 for both the in and in+ samples. We also show the in+ sample plotted with error bars. A summary of linear fits (direct, inverse and bivariate) to various subsets of the full sample is shown in Table 4 . Quadratic fits do not improve the scatter around the relationship significantly and therefore are not reported. The first two lines in Table 4 give the TF fits for the in and in+ samples when no incompleteness bias (see Section 3.2) is applied. The direct and bivariate fits in these lines ought to have shallower slopes and brighter zeropoints than the bias corrected relation, which is observed. Next we show TF fits for incompleteness bias corrected magnitudes. The first set in Table 4 show the fits for different types of spiral galaxies. These fits are discussed in Section 3.5 and used to argue for a morphological type bias correction. Next we show fits using a plain additive morphological correction (as used in G97b, and discussed in Section 3.5) to account for the fact that at a given rotational width earlier type spirals are dimmer than later types. We show fits for in and in+, and also for in+ divided into Scs and types earlier than Sc. Here it is clear that the slope for the earlier type spirals is shallower than the Sc slope (as previously discussed in Section 3.5), suggesting that a type dependent morphological is needed. This correction is applied to the magnitudes used in the fits shown in the last part of Table 4 . It should be noted here that the addition of this width dependent morphological correction is in effect causing us to fit two TF relation to each of these sets of galaxies, one for the Scs and a second for galaxies earlier than Sc. Here we show fits for the in and in+ samples, but also the in+ sample with a 2.5σ clip applied to reduce the impact of outliers; for the in+ sample with inclination cuts applied since less inclined galaxies have larger errors on inclination corrections to the widths, and the most inclined galaxies can have large errors introduced from the impact of internal extinction. Finally we show the fit divided into source of rotation width (as discussed in Section 2.2.2), to show that there are no significant differences once the ORC correction derived in Catinella et al. (2006) is applied to correct ORC widths to a HI width scale.
The Global TF Template
The zeropoint derived for the TF relation from the "basket of clusters" method could have a systematic offset from the real value if there is a net motion of the cluster reference frame with respect to the CMB. We can estimate this offset under the assumption that the peculiar velocities of clusters are characterized by an rms 1D velocity dispersion σ v . The mean velocity of N randomly chosen clusters with uncorrelated velocities is then v pec ∼ σ v N −1/2 . In practice all 21 of our reference frame clusters do not constitute uncorrelated measurements of the peculiar velocity field, which is known to show coherent structures over large scales. A conservative estimate suggests we have ∼ 12 independent measurements of the velocity field. We measured σ v = 298 ± 34 km s −1 in the preceding section, implying v pec ∼ 86 km s −1 for the set of reference clusters (assuming there are no coherent flows on the scale of the entire sample volume). The mean redshift of these clusters is cz = 6750km s −1 . The likely magnitude offset, |∆M | ∼ 2.17 v pec cz −1 , is therefore |∆M | ∼ 0.03 mag. This value should be combined in quadrature with the statistical error on the zeropoint of ∼ 0.015 mag for the in+ sample (0.02 mag for in) to provide the final zeropoint accuracy of 0.03 mag for the in+sample (or 0.04 mag for in).
Comparison with SCI TF Relation
As discussed above, the sample here is based on the cluster sample SCI presented in Giovanelli et al. (1997a) to which a global TF relation is fit in G97b, but includes a significant amount of additional data, including 9 extra clusters (for which previously there was not sufficient numbers of galaxies with TF measurements to include) totaling ∼ 300 new galaxies (or 30% of the sample). The methods we have used to correct for biases, and to fit the TF relation are very similar to those discussed in G97b, so a direct comparison of the global TF relation should be made. The template sample here differs from the SCI sample mostly by the addition of small diameter and faint apparent magnitude galaxies, so for galaxies in a cluster all at basically the same distance this will preferentially add galaxies at the low mass end of the TF relation, adding extra leverage to the measurement of the slope, and increasing the overall scatter. As discussed earlier, the new instrumental corrections applied to the HI widths (which make up about 60% of the velocity widths used) should also shallow the TF slope slightly relative to what would be found with the old corrections, and we also apply a correction to put ORC widths onto the same scale as the HI widths, which slightly shallows the slope and dims the zeropoint for these galaxies. There is also a significant difference in the distribution of different morphological types in the samples. SCI was designed to be heavily dominated by Sc galaxies, with 63% of the template sample being Sc or later. In this template sample 58% of the galaxies are Sc or later, meaning that more than 50% of the new galaxies are earlier type spirals. Here we apply a width dependent morphological type correction to the data since with the improved statistics the difference in slope between morphological types appears significant. With this correction our final TF relation fit to the in+ sample is M − 5 log h = −20.85(2) − 7.85(10)(log W − 2.5), (8) using the plain additive correction for morphological type as in G97b we find (for the same galaxies) M − 5 log h = −20.82(2) − 7.43(11)(log W − 2.5). The values of these slopes bracket the G97b result of M − 5 log h = −21.01(2) − 7.68(10)(log W − 2.5), which is what should be expected for a sample which has more early type spirals than the SCI sample. The zeropoints of the G97b TF relation and our favored fit differ by an amount ∆M = 0.16 ± 0.03, i.e. they are different at the 5σ level, such that the G97b value is 0.16 ± 0.03 mag brighter. Part of this difference can be accounted for by the use of DIRBE (Schlegel et al. 1998 ) corrections for Galactic extinction, which are larger than those used in G97b (from Burstein & Heiles 1978) by a mean value of 0.05 mag over lines of sight towards the template clusters, but this still leaves a difference of ∆M = 0.11 ± 0.03 mag. This can probably be explained by the use of the ORC correction from Section 2.2.2 (which was not available for ORC widths in the G97b template). This correction should dim the magnitude of the zeropoint of the whole sample slightly (because it increases the widths of galaxies with ORCs slightly while they remain at the same magnitude). Without applying it we find both a slightly larger cluster velocity dispersion (as discussed in Section 2.2 part of the difference between the ORC and HI widths can be absorbed into the cluster peculiar velocity dispersion because most clusters are biased towards the use of one method for measuring widths) and a zeropoint of ∼ -20.9 mag. The difference between this zeropoint and the G97b value (after adjusting for the DIRBE dust correction) is ∼ 0.1 ± 0.03 mag, now only a 3σ difference, although it should be noted here that since the samples are not independent, the significance of this agreement is not the same as for totally independent studies.
THE SCATTER IN THE TF RELATION
The intrinsic scatter in the TF relation carries as much (if not more) information for models of galaxy formation as the slope and intercept, and a proper understanding of the scatter is also important in deriving errors on distances (or peculiar velocities) from TF. As discussed in 
No incompleteness correction in 486 -20.906 -7.287 -20.883 -8.294 -20.892 -7 .565 0.019 0.134 0.384 0.301 in+ 807 -20.915 -7.190 -20.890 -8.341 -20.901 -7.442 Section 3.2, the observed scatter in the TF relation of any sample with an implied or actual magnitude limit will be an underestimate of the true amount. Magnitude incompleteness in the sample means that galaxies which are intrinsically dimmer than the relation are preferentially removed when they are near the magnitude limit. This has the effect of shallowing the observed slope, brightening the observed zeropoint and decreasing the observed scatter (especially at the small width end of the relation). We model the bias, by making 1000 realizations of the global cluster sample, using the completeness for individual cluster samples as calculated in Section 3.2. The result for all galaxies in the in+ sample is shown in Figure 10 , which also shows the average bias in bins of 20 galaxies, and a parametric fit which we use to correct the measured scatter. There is a wide range in the amount of bias at small log W because of the wide range of completeness at low absolute magnitudes found in the individual cluster in+ samples. Above log W = 2.8 we assume the bias to be negligible, and the parametric fit is fixed at that point. The bias correction for log W < 2.8 is σ measured σ true = 1.0−0.0044(log W −2.8)−0.367(log W −2.8) 2 .
(9) The measured and bias corrected scatter (standard deviation) is shown by the open and solid square points in Figure 11 . A linear fit to the bias corrected points gives ǫ obs = 0.41 − 0.44(log W − 2.5) (shown by the straight solid line in the figure). This total scatter is somewhat larger than ǫ obs = 0.32 − 0.325(log W − 2.5) found by G97b for the SFI template sample, but has a similar dependence on log W . The source of the additional scatter must be related to the difference in the SFI and SFI++ samples in terms of both the distribution of galaxy properties and changes in the way measured values are calculated. The template sample of SFI++ adds to the SFI mostly small diameter galaxies, and also more early type spirals than in SFI which was designed to be dominated by Sc galaxies. These small galaxies are harder to assign proper morphological types (adding scatter in the morphological correction), and harder to measure inclinations for, adding a significant amount of scatter to the widths. The SFI++ template sample should therefore both have higher measurement errors on average and possibly also higher intrinsic scatter. We use the entire SFI++ sample (both template and field galaxies) to estimate the total measurement error at a given rotation width for SFI++ galaxies. These values are shown by the dotted lines in Figure 11 . The lower line at σ ∼ 0.1 shows the measurement error on the total magnitudes which at all widths is the least important source of error, and is similar to the value for SFI galaxies. The middle line shows a value of 7.85σ W which is the error on the measured rotation widths expressed in magnitudes. This quantity, particularly at small widths appears larger than that found for SFI galaxies. Adding these two contributions in quadrature approximates the total measurement error (this neglects the covariances between the two values which arise from the inclination corrections) which as expected is slightly larger than the total measurement error found for SFI.
The dashed lines in Figure 11 show the total measurement error for SFI++ galaxies with fixed scatters of 0.2, Fig. 10 .-Our calculation of the underestimate of the scatter in the TF relation due to the incompleteness bias for each in+ cluster. The bias for each galaxy was estimated from 1000 realizations of the individual in+ cluster samples with incompleteness characteristics derived in Section 3.2. The large squares show the mean bias in bins of ∼20 galaxies. The solid line is a parametric fit to the bias which we use to correct the measured scatter.
0.25, 0.3, 0.35 and 0.4 mag added in quadrature. As is obvious this does not provide a good fit to the measured scatter. At the low width end a much larger intrinsic scatter is needed than at the high width end even after the larger measurement errors have been accounted for. We therefore fit for an intrinsic scatter which has a width dependence and find ǫ int = 0.35−0.37(log W −2.5). This fit is shown by the dot-dashed line in Figure 11 , and provides a better fit to the observed error than the straight line fit. This value for the intrinsic scatter is again larger than that found in G97b, who measure ǫ int = 0.26 − 0.28(log W − 2.5) for the SFI cluster sample. Even accounting for the increased measurement errors in SFI++ there still appears to be a larger intrinsic scatter, presumably related to the larger variety of morphological types and perhaps the addition of higher redshift clusters into the template sample. In this section we use the classic "distance ladder" approach to provide an independent calibration of the TF zeropoint. The "basket of clusters" method used above has several advantages over this classic approach, the primary being that it is independent of the Hubble constant. Even in today's era of "precision" cosmology, the error on the Hubble constant will significantly increase the error on the TF peculiar velocities measured using a template calibrated with the distance ladder method. Peculiar velocities from the "basket of clusters" method are independent of H 0 . A further disadvantage of the distance ladder method is the still small numbers of calibrators. In the entire SFI++ sample of ∼ 5000 galaxies, only 17 have distances measured from their Cepheid variables (data shown in Table 5 ). These galaxies tend to lie at the high width end of the relation which could introduce a bias on the zeropoint. They also tend to have relatively low inclinations and thus the error on the determination of their actual rotation speeds is large. However, it is possible that there is a net motion of the reference cluster sample (see Section 5) in the CMB frame which would bias the zeropoint measured with that method. The reference sample includes clusters with recessional velocities between 4000-10000 km/s, with a mean value of 6750 km s −1 . These clusters are distributed fairly evenly over the sky, but a small anisotropy in the distribution combined with the possibility of relatively large bulk flow towards the Shapley supercluster at cz ∼ 12000 km s −1 , could introduce a bias.
It therefore seems prudent to check the "basket of clusters" calibration with an independent measure of the zeropoint from the distance ladder approach. Since there are no galaxies in the SFI++ sample with W < 200 km s −1 that have measured Cepheid distances, it is not appropriate to derive a slope from the calibrator sample, so we will use the slope derived in Section 5 and fit for the zeropoint alone. Under the assumption that the zeropoint calculated from the "basket of clusters" method does provide an unbiased measurement, this comparison alternatively provides an estimate of H 0 .
The bulk of the Cepheid distances for SFI++ galaxies come from the HST Key Project (Freedman et al. 2001; F01) . Two additional distances come from Leonard et al. (2003; NGC 1637) and Newman et al. (1999; NGC 4603 , this distance has been adjusted from that reported in the paper to be consistent with the newer Cepheid calibrations). We give in Table 5 the extinction corrected distance moduli reported in those papers. Cepheid distances are known to have a dependence on the metallicity of the host galaxy (Sakai et al. 2004) . We use the Sakai et al. (2004) 
.50 dex, propagating the uncertainty in this correction through to the final Cepheid distance modulus uncertainty. The apparent magnitudes listed in Table 5 have been corrected for Galactic and internal extinction and the width-dependent morphological type correction from Section 3.5. All but two of these widths come from HI measurements. The two ORC widths for galaxies in the Fornax cluster are noted in Table 5 and small corrections from Equation 2 have been applied (both of the ORCs are flat so the corrections are very small). Panel (a) of Figure 12 shows the galaxies with Cepheid distances on the Tully-Fisher relation, while their residuals from the bivariate fit to the in+ sample are shown in panel (b) . While the TF relation from Section 5 is derived independent of the value of H 0 , a value must be used to compare with the Cepheid calibrated zeropoint. In Figure 12 the best fit relation has been adjusted for H 0 = 74 ± 2 km s −1 Mpc −1 (Sánchez et al. 2006 from a combination of WMAP and 2dFRGS); the upper and lower limits on H 0 are shown by the two solid lines in both panels. The errors on the residuals for the individual galaxies show the sum in quadrature of the measurement error on the apparent magnitudes, the error on the Cepheid distance, and the error on the measured width multiplied by the slope of the TF relation. The error on the residuals for all these galaxies is dominated by the measurement error on the galaxy widths.
The error weighted mean of the residuals for these galaxies gives M Cepheid − M Clusters = −0.01 ± 0.05 ± 0.06. Here the first error quoted is the statistical error on the weighted mean, the second takes into account the 3% error on H 0 . This fit is shown by the dotted line in both panels of Figure 12 . It is indistinguishable from zero. The Cepheid calibrated TF relation (using the slope from the bivariate fit to the in+ sample) is therefore M = −20.485 ± 0.05 ± 0.06 − (7.85 ± 0.1)(log W − 2.5), (10) (where again the first error is statistical and the second due to the uncertainty on H 0 ). This is to be compared to M − 5 log h 74 = −20.474 ± 0.03 −(7.85±0.1)(log W − 2.5) (11) from the basket of clusters method. Here we note again that this template is independent of H 0 , but has been adjusted to H 0 = 74 km s −1 Mpc −1 for ease of comparison. It is certainly reassuring that the two methods for calibrating the zeropoint agree so well. This agreement provides a strong limit on how much the cluster reference frame differs from the CMB rest frame.
Under the assumption that the "basket of clusters" method provides an unbiased measurement of the TF zeropoint, we can use the combination of that TF relation and the independent Cepheid calibration of the zeropoint to provide an estimate of H 0 . Equating the zeropoints from the two methods is equivalent to using the Cepheid calibrated TF relation to measure redshift-independent distances for the 31 clusters in our sample and taking the mean of the values of H 0 calculated from v/D for each cluster. Since we account for the cluster peculiar velocities when combining their TF relations (see Section 5) here v is already corrected for the peculiar motion of each cluster. By equating the two zeropoint we derive H 0 = 74±2 (random) km s −1 Mpc −1 . This measurement has two possible sources of systematic error. The first is that the "basket of clusters" template may be measure a biased value for the TF zeropoint if there is a net motion of the reference frame. This point is discussed in more detail in Section 5.2, where we estimate at most a systematic offset of 0.03 mag which is included in the cluster TF zeropoint uncertainty (and therefore in the error already quoted for H 0 ). A larger source of possible systematic error comes from the Cepheid distance scale. The er- Newman et al. (1999) ror comes both a combination of the uncertain metallicity dependence of Cepheid distances (Sakai et al. 2004) , WFPC2 calibration systematics, and uncertainty on the distance to the LMC which sets the zeropoint for Cepheid distances. We account for the metallicity dependence of the Cepheid distance scale using the correction derive in Sakai et al. (2004) . Almost all galaxies in the Cepheid-SFI++ sample are more metal rich than the LMC, resulting in an overestimate of H 0 if the dependence is not accounted. If the metallicity dependence is not corrected for we measure H 0 = 77 ± 2 km s −1 , implying that the maximum systematic error which could be introduced if this correction is wrong is ∼ ±2 km s −1 . The effect of the uncertainty on the WFPC2 calibration and the distance to the LMC are discussed in detail in Sakai et al. (2000) where a total systematic error on the Cepheid zeropoint of 0.16 mag is quoted. This adds a error of ±6 km s −1 to our estimate of H 0 , resulting in a final estimate of H 0 = 74 ± 2 ± 6 km s −1 . Our measurement of H 0 is identical to the determination of H 0 = 74 ± 2 km s −1 Mpc −1 (Sánchez et al. 2006 ) from a combination of WMAP and 2dFRGS data, and the recent measurement of H 0 = 74 ± 3 ± 6km s −1
Mpc
−1 which uses a new Cepheid calibration from NGC 4258 in combination with SNIa distances (Macri et al. 2006) . Other measurements of H 0 using Cepheid calibrations of the TF relation include the HST Key Project value of H 0 = 71 ± 4 ± 7km s −1 Mpc −1 (Sakai et al. 2000) , and the SFI measurement of H 0 = 69 ± 2 ± 6 km s −1 (Giovanelli et al. 1997a ; note that neither of these determinations accounted for the metallicity dependence of the Cepheid zeropoint). We point out that the dominant source of error in our determination of the value of H 0 comes not from the TF relation, but from the uncertainty in the zeropoint calibration of the Cepheid relation, and ultimately from the uncertainty of our knowledge of the distance to the LMC. If this error were not present TF could measure H 0 to a comparable accuracy to the best "precision cosmology" available, and better than is possible from just WMAP alone which quotes H 0 = 73 ± 3km s −1 and also requires an assumption that the universe is flat (Spergel et al. 2006) . In fact, work on improving the Cepheid calibration is underway. Macri et al. (2006) discuss the possibility of improving H 0 measurements based on the Cepheid scale to ±5% in the near future, noting that soon there will be four galaxies with geometric distance measures (NGC 4258, LMC, M31, M33) which could be used to set the Cepheid zeropoint.
CONCLUSIONS
In this paper we present the SFI++ sample of spiral galaxies. Galaxies in this sample have both I-band photometry and velocity widths (either from HI global profiles or optical rotation curves) suitable for use in the Tully-Fisher relation. From a subset of this sample consisting of 807 galaxies in the vicinity of 31 nearby clusters we rederive the I-band TF relation. This sample constitute by far the largest ever available to calibrate the TF relation. We argue that it provides evidence for a type-dependent TF slope that is steeper for later type spirals, in effect fitting for two TF relations -one for the 465 Sc galaxies in the sample, the other for the 342 Sa/Sb galaxies. We measure the cluster peculiar velocity dispersion for the 31 cluster samples. This quantity is directly related to the shape of the initial power spectrum of density fluctuations and is used to estimate a value of Ω 0.6 σ 8 = 0.52 ± 0.06. By comparing the TF template with the Cepheid distances to 17 galaxies we measure H 0 = 74 ± 2 ± 6 km s −1 Mpc −1 ; an accuracy comparable to the best precision cosmology. A summary of the numeric results is presented in Table 6 . A more detailed summary of the conclusions follows in this section.
In Section 3.1 we introduced a subset of the SFI++ sample which consists of 807 galaxies in the vicinity of 31 nearby clusters (within v CMB =10,000 km s −1 ). This sample is divided into an in sample consisting of 483 bona fide cluster galaxies and an in+ sample which also includes galaxies considered to be peripheral members of the cluster. Cluster membership assignments are discussed further in Springob et al. (2007) .
In Section 3.2, we discuss various biases which modify the observed TF relation from the intrinsic relation within a cluster sample. We derive corrections for these biases which include morphological type bias and incompleteness bias due to the implicit magnitude limit of the sample. The magnitude of the incompleteness bias depends most strongly on the assumed scatter in the TF relation.
We find evidence to suggest that the slope of the TF relation gets shallower for early type spirals and construct a width-dependent morphological correction to reconstruct the relation for Sc galaxies. This is equivalent to fitting two separate TF relations to the sample -one to the major subset of 465 Sc galaxies, a second to the 342 galaxies in the sample with types earlier than Sc. The slope difference can be explained either by differing completeness characteristics for the different morphological types in the sample, or a real physical difference in the galaxies. We argue for the latter as the difference is shown to be largest at the high width end of the relation where the bias corrections are smallest. In the numerical models of Mo & Mao (2000) and Navarro & Steinmetz (2000) this appears consistent with the idea that earlier type spirals have a smaller fraction of their mass in the disk at a given rotational velocity, and implies that as well as being dimmer than later types at a given rotational velocity they have less concentrated halos.
Any TF relation fit to a sample with an explicit or implicit magnitude limit will suffer from biases relating to incompleteness. The largest such bias is caused by it being possible to observe galaxies which are scattered brighter than the TF relation from near the magnitude limit, while those scattered dimmer will not make it into the sample. We calculate and correct for this bias, as well as those relating to the finite depth of the clusters. All bias corrections applied are summarized in Section 3.6.
Individual TF relations are fit to each of the 31 clusters samples and presented in Section 4. We search for environmental dependence of the TF relation by looking for correlations in global cluster properties with the slope, zeropoint and scatter. No correlations are found. There is also no dependence of TF residuals on projected cluster center difference for galaxies in the sample. We therefore argue that there is no evidence for environmental dependence of the TF relation. It is noted however that because of the morphology-density relation we are already implicitly correcting for an environmental dependence by applying morphological type corrections.
The individual cluster samples are combined in Section 5 to create a global TF template. In order to do this, peculiar velocities are derived for the clusters and a cluster velocity dispersion of σ = 298 ± 34 km s −1 is measured. This measurement provides information on cosmological parameters as it depends on the initial spectrum of density fluctuations. The value is completely independent, yet within 2σ of that predicted from the best fit cosmological model to the third year WMAP data release which implies σ = 239 ± 23 km s −1 (Spergel et al. 2006) . With minimal assumptions about cosmology we use the measurement to estimate Ω 0.6 σ 8 = 0.52 ± 0.06 from TF data alone.
Direct, inverse and bivariate linear fits to the combined in and in+ samples (and subsets of them) are presented. Quadratic fits do not reduce the observed scatter and so are not reported. We favor the bivariate fit to the in+ sample, which gives a template TF relation of M − 5 log h = −20.85 − 7.85(log W − 2.5), or L ∝ v 3.1 . The statistical error on the zeropoint is ∼ 0.02 mag, an additional 0.03 mag is estimated to account for the possible net motion of the cluster reference frame in the CMB. The statistical error on the slope is ∼ 0.10 mag −1 . The TF relation obtained here will be applied to the rest of the galaxies in the SFI++ sample in future papers including Masters et al. (2007, in prep.) and Springob et al. (2007) to study the local peculiar velocity field.
The scatter in the TF relation is as important as the relation itself, both in models of galaxy formation and evolution and in deriving reliable distance errors. We measure the total incompleteness bias corrected scatter from the template relation to be ǫ = 0.41 − 0.44(log W − 2.5). Once measurement errors have been accounted for this results in an intrinsic TF scatter of ǫ = 0.35 − 0.37(log W − 2.5). This scatter corresponds to distance errors of 10% for the largest width galaxies increasing to 26% for the smallest widths.
As an independent measure of the zeropoint, that does not rely on the assumption that a subset of the most distant clusters are at rest with the CMB, we use 17 galaxies in the SFI++ that also have published distances from Cepheid variables. We find a negligible mean offset in the zeropoint of the TF relation for these galaxies relative to the "basket of clusters" bivariate fit to the in+ sample when H 0 = 74 ± 2 km s −1 Mpc −1 is assumed, providing a reassuring check that the "basket of clusters" method provides a reliable measure of the TF zeropoint. Turning this method around to estimate H 0 from a combination of the template and Cepheid distances we find H 0 = 74 ± 2 ± 6 km s −1 Mpc −1 . The dominant source of error on this measurement comes not from TF directly, 
Parameter Values
Template relation (bivariate fit to in+ sample) M − 5 log h = −20.85 ± 0.03 − (7.85 ± 0.1)(log W − 2.5) mag L = 3.7 × 10 10 (vmax/200 km s −1 ) 3.1 L ⊙ /h 2 Template scatter ǫ total = 0.41 − 0.44(log W − 2.5) mag ǫ intrinsic = 0.35 − 0.37(log W − 2.5) mag Cepheid calibrated zeropoint M = −20.49 ± 0.05 ± 0.06 − (7.85 ± 0.1)(log W − 2.5) mag Hubble's constant H 0 = 74 ± 2 ± 6 km s −1 Mpc −1 Cluster peculiar velocity dispersion σ = 298 ± 34 km s −1 Ω 0.6 σ 8 = 0.52 ± 0.06 but rather from the uncertainty on the distance to the LMC (via the Cepheid calibration). The TF relation still has a place in the era of "precision cosmology" to provide independent checks of the best fit cosmological model. It has the potential to measure some parameters (notably the cluster peculiar velocity dispersion and H 0 ) to an accuracy comparable to the best available. In addition the TF relation and its scatter provides valuable information about the formation of disk galaxies. However, the reliability of any conclusion drawn from TF depends critically on the availability of an unbiased template relation, such as the one provided here.
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